Present works report the synthesis and characterization of a series of homologous symmetrical dimers a,u-bis[4-(6 0 -methoxybenzothiazol-2 0 -yl)iminomethylphenoxy]alkane. Total of five members with different lengths of alkyl spacer groups of even parity varying from butyl (C 4 H 8 ) to dodecyl (C 12 H 24 ) were prepared and characterized. Infrared and nuclear magnetic resonance ( 1 H and 13 C NMR) together with electron-ionization mass spectrometric techniques were employed to confirm the molecular structures of the dimers. The phase phase transition and associated enthalpy changes were obtained using differential scanning calorimetry. Textures studies and mesophase identification were conducted using a polarizing optical microscope attached to hotstage. A diversity of phase-transition behavior was observed as the length of the alkyl spacer increased from C 4 H 8 to C 12 H 24 . Almost all title compounds exhibited nematic phase except the dimers containing butyl and hexyl spacers in which the mesomorphic properties were absent.
Introduction
Liquid crystals play a significant role in today's world of science and technology owing to their applications. Technological applications of liquid crystals include optical imaging, liquid crystal displays, organic light emitting diodes, anisotropic networks and semiconductor materials [1e3] .
Liquid crystals incorporating a benzothiazole moiety have been used for displaying positive hole-transporting character due to its low ionization potential. As such, they could serve as hole-transporting materials in organic light-emitting devices [4e7] . Over the past few decades, liquid crystals containing heterocyclic core have received intense attention due to their unique properties [7e9] . Early results show that the introduction of heterocyclic ring influenced the mesomorphic properties of the calamitic molecules due to their unsaturation and/or polarizability [10] . The system involving heterocyclic liquid crystals has expanded from usual low-molar mass molecules to dimeric or oligomeric structures. Basically, the mesogenic units of dimers have at least two rings and are commonly found to be symmetric. Recently, Imrie and co-workers have reported a review on various dimers and oligomers in which a great attention has been focused on the structure-property relationship [11] . The dimers themselves have attracted attention as they display an unusual mesomorphism different to that of the corresponding monomers. Moreover, they have the ability to perform as model compounds for semi-flexible main-chain/sidechain liquid crystalline polymers [12] .
In continuation of our research on heterocyclic benzothiazole-based liquid crystals [13e17], the present interest focuses on the synthesis and mesomorphic properties of a new series of symmetrical dimer molecules in which two mesogens (benzothiazole with Schiff base linkage) are connected by a flexible spacer. To the best of our knowledge, no reports are documented in the literature on symmetric liquid crystal dimer, a,u-bis[4-(6 0 -methoxybenzothiazol-2 0 -yl)iminomethylphenoxy]-alkane. The phase behaviour and the effect of changing the spacer length of the dimers were discussed, wherein these dimers differ from one another in spacer length (CH 2 ) n in which n ¼ 4, 6, 8, 10 and 12. Besides, the dimers containing e(CH 2 ) 8 e, e(CH 2 ) 10 e and e(CH 2 ) 12 e as spacers are compared with the previously reported analogues, N-(4-(n-(4-(benzothiazol-2-yl)phenoxy)alkyloxy)benzylidene)-4-chloroanilines [18] in order to study the connectivity between the transitional behaviour and the length of the alkyl spacer bridging both benzothiazole and benzylideneimine moieties.
Experimental

Reagents
2-Amino-6-methoxybenzothiazole, 4-hydroxybenzaldehyde, 1,n-dibromoalkane (C n H 2n Br 2 where n ¼ 4, 6, 8, 10, 12) , and potassium carbonate were purchased from Merck (Germany).
Physical measurements
Electron ionization mass spectrometry was carried out on a Finnigan MAT95XL-T mass spectrometer.
The infrared (IR) spectra for all compounds were recorded in the frequency range 4000-400 cm À1 using a PerkineElmer 2000 FTIR spectrophotometer with the samples embedded in KBr discs. The 1 H and 13 C NMR spectra were obtained using a JEOL LA-400 MHz NMR spectrometer. The deuterated chloroform was used as solvent and tetramethylsilane as the internal standard. The liquid crystalline textures were observed under a Carl Zeiss Axioskop 40 polarising optical microscope (POM) equipped with a Linkam TMS94 temperature controller and a LTS350 hot stage. The transition temperatures and enthalpy changes were measured by a Mettler Toledo DSC823 differential scanning calorimeter at a rate of 10 C min À1 for both heating and cooling cycles.
Synthesis
The syntheses of intermediates and corresponding dimers were carried out based on the procedures as shown in Fig. 1 .
A mixture of 2-amino-6-methoxybenzothiazole (40 mmol) and 4-hydroxybenzaldehyde (40 mmol) in 50 mL of ethyl alcohol, with three drops of acetic acid as catalyst was added, the mixture allowed to stir and heated under refluxed for 3 h. The reaction mixture was filtered and the ethanol was removed from the filtrate by evaporation. The dry yellowish solid thus obtained was recrystallized several times with ethanol.
Synthesis of a,u-bis[4-(6
0 -methoxybenzothiazol-2 0 -yl)iminomethylphenoxy]alkane, 2e6 6-Methoxy-2-(4-hydroxybenzylidenamino)benzothiazole (5 mmol), was dissolved in minimum amount of DMF, then 40 mL of acetone was added with potassium carbonate (5 mmol) and 6 mmol of appropriate 1,n-dibromoalkane (n ¼ 4, 6, 8, 10, 12) were refluxed for 19 h. Then the reaction mixture was filtered and allowed it to cool to room temperature. The yellow precipitate formed was collected by filtration. The solid thus obtained was recrystallized several times with ethanol until transition temperatures are constant. The percentage of yields of the title compounds are given in Table 1 . Spectroscopic data (IR, NMR) for the representative compound 4 are summarized as follows.
Compound 4: EI-MS m/z (rel. int. %) ( Fig. 2 
Results and discussion
Phase transition behaviors and liquid crystal texture studies of compounds 2e6
The phase-transition temperatures and associated enthalpy values of compounds 2e6 are provided in Table 1 . The table shows that only one transition temperature was present in compounds 2 and 3 during heating and cooling cycles. The enthalpies with respect to each transition in compounds 2 and 3 confirmed the direct transition from crystal to isotropic liquid and vice versa. This phase behaviors belonged to direct isotropization and crystallization during heating and cooling process respectively. Therefore, it can be suggested that the existence of a strong intermolecular attraction among the dimers with the short (butyl and hexyl) spacers led to restricted thermal motion. Subsequently, it caused the molecules in compounds 2 and 3 are highly positioned, which caused the anisotropic properties of the molecules to be reduced to a remarkable extent [19] .
Compounds 4 to 6 exhibited the enantiotropic behavior, the crystal-to-mesophase and mesophase-toisotropic transitions were observed in their thermograms during heating cycle. A representative DSC thermogram of compound 4 is shown in Fig. 3 . DSC thermogram of compound 4 showed three transitions during the heating cycle: first at 120.3 C (subphase within crystal region, Cr 1 -to-Cr 2 ), 153.8
C (crystal to mesophase) and followed by the last transition (mesophase to isotropic phase) at 212.5
C. The microscopic texture observation performed on compounds 4e6 shows that they exist as nematogen. Fig. 4a shows the optical photomicrograph of compound 4 exhibiting nematic phase thread-like texture. The nematic phase is clearly observed in compound 4 during both heating and cooling processes. Another representative photomicrograph of compound 6 is depicted in Fig. 4b . Upon cooling compound 6 from its isotropic liquid phase, the periodic formation of droplets was first observed and they have gradually shown the appearances of both twofold and fourfold brushes, indicating the presence of nematic phase. This mesophase was also flashed under the polarized light when it is subjected to mechanical stress and this observation or called scintillation effect supports the nematogenic properties of compound 6 [20] . Fig. 5 shows the graph of phase transition temperature versus the number of carbons in the alkyl spacer groups of compounds 2e6. It is obvious that the short alkyl spacer derivatives (n ¼ 4, 6) were non-mesogens. As the length of the alkyl spacer increases from the noctyloxy to the n-dodecyloxy derivative, the nematic phase was observed. The nematic phase range increased from compound 4 (58.7 C) to 5 (72.0 C) and then decreased for 6 (28.7 C). This phenomenon could have resulted from the flexibility provided by the spacer chain. Generally, high rigidity of a molecule owing to the shorter alkyl spacer can prevent the formation of a mesophase [21] . Once the length of the spacer is increased to a suitable length, the molecule becomes more flexible hence promoting a mesophase in a particular compound. However, a continual increase in the length of the spacer will depress the stability of the mesophase, therefore longer alkyl spacer compound 6 showed narrower nematic phase range (DN) than shorter alkyl spacer compounds 4 and 5. The clearing temperatures exhibited an ascending trend as the length of the alkyl spacer of the derivatives increased from C4 to C8. This phenomenon can be attributed to the increased intermolecular Van der Waals attraction as the length of the spacer chain increased [22] . As the alkyl spacer length increases from compounds 4 to 6, it is important to point out that the clearing points decrease gradually during heating process (Fig. 5) . The same phenomenon was reported for homologous series of p,p 0 -biphenylene esters of palkoxy and p-carbalkoxybenzoic acids wherein the longest chain homologue has the lowest thermal stability [23] . It means that as the alkyl chain length increases, the rigidity of the long molecular axis is further weakened and therefore the molecular linearity is affected. As a result, the molecules do not fit readily into the parallel molecular arrangement of a nematic phase due to the more considerable bending conformation. Consequently, compound 6 showed lower phase stability and transition temperatures. 
Comparison between compounds 4e6 and N-(4-(n-(4-(benzothiazol-2-yl)phenoxy)alkyloxy)-benzylidene)-4-chloroanilines
In order to correlate the transitional properties with the chemical constitution of molecules, the present dimers 4e6 are selected for comparison with N-(4-(n-(4-(benzothiazol-2-yl)phenoxy)alkyloxy)-benzylidene) -4-chloroanilines [18] . The general molecular structures for these dimers labelled as 4a-6a are shown below:
A comparison of liquid crystalline properties between 4e6 and 4a-6a reveals that whilst present dimers 4e6 exhibit nematic phase only, compounds 4ae6a exhibit both CreN and NeSmA transitions upon cooling. This can probably be ascribed to the difference of molecular structures between 4e6 and 4a-6a. Compounds 4e6 possess 2-(4-alkyloxybenzylidenamino) benzothiazoles moiety which has longer molecular axis and less linear conformation in comparison to a more rigid phenylbenzothiazole unit in compounds 4ae6a which has bonded to one side of the methylene spacer. As such, the compounds 4e6 will tend to exhibit weaker orientational order than the analogues 4ae6a [24] . In addition, the presence of the methoxy group in the lateral (sixth) position of the benzothiazole moiety in compounds 4e6 has weakened the lateral interactions between molecules, which is important for promoting higher mesophase stability, and therefore it restricts only to the formation the nematic phase [25, 26] .
By referring to the clearing temperatures for compounds 4e6 and 4ae6a, the mesophase range in 4e6 is larger than 4ae6a. The nematic phase range (DN) values for 4 (58.7 C), 5 (72.0 C) and 6 (28.7 C) are found to be larger than those for 4a (32.4 C), 5a (12.5 C) and 6a (6.7 C). The difference can probably be attributed to the presence of a rigid phenylbenzothiazole bonded directly to another phenyl moiety without any linking group which has restricted the thermal motion of compounds 4ae6a [15, 27] .
Physical characterization
To confirm the molecular structure of the targeted compounds 2e6, FT-IR, 1 H NMR, and 13 Mass spectrometry analysis was performed on the representative compound, 4 in order to verify the molecular mass of the synthesized compound. The mass spectrum of compound 4 (Fig. 2) showed the molecular ion peak at 678.4 4 m/z with relative abundance of 12.31 and confirmed the molecular mass of this compound.
Conclusion
A series of five new homologous symmetrical dimers a,u-bis[4-(6 0 -methoxybenzothiazol-2 0 -yl)iminomethylphenoxy]alkane (2e6) with different alkyl spacer groups of even parity ranging from C4 (C 4 H 8 ) to C12 (C 12 H 24 ) were synthesized and characterized. All compounds were mesogenic, exhibiting nematic phase, except compounds 2 and 3. It was found that compound 5 with the C10 spacer possessed the widest nematic phase range among all the members.
